it is hypothesized that chronic kidney disease (cKD) induces oxidant stress which contributes to the decline in kidney function. However, few studies have incorporated longitudinal designs and no studies have investigated this association among children. Using data from the chronic Kidney Disease in children (cKiD) study, we examined longitudinal associations between urinary biomarkers of oxidant stress, 8-OH deoxyguanosine (8-OHdG) and F2-isoprostane, and measures of renal function and blood pressure among children with CKD. Baseline levels of 8-OHdG were positively associated with estimated glomerular filtration rate (eGFR) over time and a log-unit increase in baseline 8-OHdG predicted a 5.68 ml/min/1.73 m 2 increase in eGFR (95% Confidence Interval (CI): 3.75, 7.61). This association was attenuated when longitudinal measures of 8-OHdG were analyzed in relation to longitudinal eGFR (per log-unit increase in 8-OHdG, β = 0.81, 95% CI: 0.22, 1.39). Baseline 8-OHdG concentrations were also associated with decreased proteinuria over time, as measured by urinary protein:creatinine ratio. In addition, F2-isoprostane concentrations were associated with increases in eGFR, but only when baseline levels (vs. longitudinal levels) were considered in relation to longitudinal eGFR. There were no significant associations between either 8-OHdG or F2-isoprostane and blood pressure over time. Urinary measures of oxidant stress are not associated with worsening GFR over time. Our findings suggest that excretion of these biomarkers may be influenced by changes in glomerular and tubular function in varying patterns, which would limit their value in evaluating the impact of oxidant stress on cKD progression in children.
studied in adult populations, no studies to our knowledge have evaluated their potential contribution to CKD among children. To better understand whether oxidant stress impacts kidney function among children with CKD over time, we utilized data and biospecimens collected by the Chronic Kidney Disease in Children (CKiD) study, a large longitudinal cohort study of children with CKD.
The purpose of this study was to examine the longitudinal associations between urinary biomarkers of oxidant stress, F2-isoprostane and 8-OHdG, and measures of renal function among children with CKD. First, we estimated associations between F2-isoprostane and 8-OHdG at baseline and measures of renal function over time: estimated glomerular filtration rate (eGFR) and proteinuria (as measured by urinary protein to creatinine ratio (UPCR)); systolic and diastolic blood pressure (SBP and DBP, respectively) over time; and renal outcomes: time to end-stage kidney disease (ESKD) and/or RRT. Second, we estimated the associations between longitudinally measured levels of urinary F2-isoprostane and 8-OHdG in relation to these same outcomes measured over time. Lastly, in both analyses, we examined whether the associations varied over time.
Methods
Data collection. The CKiD study is a multi-centered prospective cohort study of children aged 6 months to 16 years with mild-to-moderate CKD with the overall goal of identifying predictors and sequelae of CKD progression. The CKiD study procedures and protocol has been previously described 20 . Briefly, children receiving care for CKD were recruited at sites throughout the US and Canada and participated in annual data collection study visits until the initiation of RRT or ESKD. Annual study visits included a questionnaire, a physical examination conducted by study staff, and biological specimen collection (i.e., serum, plasma, and urine samples). Biological specimens were collected between 2005 and 2014 and were stored at −80 °C in a central biorepository for future use in ancillary studies.
This study utilized data from CKiD starting at least 3-6 months after the baseline visit. Clinical, biospecimen, and survey data from each study visit were used for exposure, outcome, and covariate data.
The Institutional Review Board at each CKiD study site approved the study protocol and all research was performed in accordance with established guidelines. Informed consent was obtained from all parents or legal guardians and assent from all participants depending on their age and institutional guidelines. The New York University School of Medicine Institutional Review Board deemed this project exempt from review due to data collection being complete and the dataset de-identified.
Measures. Oxidant stress. Urine samples with sufficient volume were analyzed for 8-OHdG and F2-isoprostane at the NYU High Throughput Biology Laboratory (N = 2,464 samples; N = 618 individuals and N = 1,286 samples; N = 522 individuals, respectively). 8-OHdG was quantified by competitive ELISA using the OxiSelect ™ Oxidant DNA Damage ELISA (Cell Biolabs, Inc., San Diego, CA). Similarly, F2-isoprostane was measured with a competitive enzyme-linked immunoassay, the OxiSelect ™ 8-iso-Prostaglandin F2α ELISA kit. All analyses were conducted in duplicate as directed by the manufacturer. Intra-assay coefficients of variation (CV) ranged from 4.6-11.1% for 8-OHdG and 6.8-9.7% for F 2 -isoprostane. Inter-assay CVs ranged from 3.9-16.6% for 8-OHdG and 14.2-15.9% for F 2 -isoprostane. Measures below the limit of detection (LOD) were imputed by the LOD divided by the square root of 2 21 .
Urinary creatinine was measured in first morning urine samples to account for dilution in the central laboratory (University of Rochester) for CKiD 22 .
Outcomes. Several measures of renal function were examined. The primary outcome was eGFR, calculated using the modified Schwartz equation 23 : eGFR (ml/min/1.73 m 2 ) = 0.413 × height (cm)/serum creatinine.
Other outcome measures of interest included UPCR,SBP, DBP, and time to ESKD/RRT. Methods for the measurement of these outcomes in the CKiD study have been previously described. All laboratory measures were conducted at the central CKiD laboratory (University of Rochester) 22, 24 . Briefly, total urine protein was determined in first morning samples using an immunoturbidimetric assay and UPCR was calculated as the ratio of total urinary protein to urinary creatinine (mg:mg). SBP and DBP were measured in the right arm by auscultation using an aneroid sphygmomanometer. Three measurements at 30-second intervals were measured and the average of the three readings was taken. Blood pressure measures were standardized to z-scores according to the National High Blood Pressure Education Program Fourth Report 25 . ESKD status or initiation of RRT was determined by the start of dialysis or transplantation 26 .
Statistical analysis. The distributions of 8-OHdG and F2-isoprostane were explored in univariate analyses as creatinine-corrected measures (ng/mg Cr). Differences between strata of participant characteristics were compared and tested using linear mixed models (LMM) with log-transformed oxidant stress biomarkers and subject-specific random intercepts. Predicted means and 95% confidence intervals were output.
In order to estimate the associations between oxidant stress biomarkers and correlates of renal function over time, LMMs were fit with subject-specific random intercepts to account for the within-individual correlation among repeated measures over time and cross-subject heterogeneity as baseline. Two sets of models were considered. First, models were fit with baseline oxidant stress measures and longitudinal outcomes repeated over time. Second, models were fit with longitudinal oxidant stress measures and all outcomes over time. Each model was fit with a single oxidant stress measure (i.e., 8-OHdG or F2-isoprostane) and a single outcome (i.e., eGFR, UPCR, SBP, or DBP).
In order to evaluate associations between oxidant stress measures and time to RRT, Cox proportional hazards models were fit. As with the LMMs for other renal outcomes, two sets of models were tested. First, baseline 8-OHdG or F 2 -isoprostane were examined in relation to time to RRT, and second, longitudinal or time-varying 8-OHdG or F 2 -isoprostane were examined using extended Cox models 27 . Time at risk started at the baseline visit and continued until the initiation of RRT or censorship at the end of follow-up. The proportional hazards assumption was checked for all covariates using visual inspection of log-log survival curves and testing of Schoenfeld residuals and covariate-by-time interaction terms.
Due to the right skewed distributions of 8-OHdG and F2-isoprostane, they were natural log-transformed in order to reduce the influence of extreme values. Models were fit with 8-OHdG and F2-isoprostane expressed on the volume basis (ng/ml) and creatinine was controlled for as a covariate instead of indexing the oxidant stress measure by creatinine (ng/mg Cr) in order to separate any impacts of oxidant stress and creatinine 28 , and because the same creatinine measure was included in one of the primary outcomes of interest (i.e., UPCR), which could induce a spurious correlation due to urinary creatinine associations rather than with oxidant stress itself 29 . UPCR was also natural-log transformed due to its skew in order to approximate a normal distribution. After transforming UPCR, raw and conditional residuals from the LMMs were normally distributed. Covariates in the LMMs were selected a priori based on the literature 2, 7, 13, 22, 26, [30] [31] [32] [33] [34] [35] . All models were adjusted for study visit, urinary creatinine, sex, race/ethnicity, age, glomerular disease type, urinary cotinine, and BMI Z-scores. Additionally, in models for eGFR and UPCR, blood pressure was controlled for; in models for blood pressure, antihypertensive medications were controlled for. Lastly, we examined whether associations varied over time by including an interaction (i.e., cross-product term) between study visit and the respective oxidant stress biomarkers.
We conducted several sensitivity analyses. First, because creatinine is used both as a factor to account for urinary dilution and is itself affected by kidney tubule processing 36 ; as well as being contained in one of the outcomes of interest, UPCR, we applied an alternative method for adjusting for urinary concentrations. We calculated estimated creatinine excretion rate (eCER) and controlled for it in all models instead of urinary creatinine 29, 37, 38 . Second, in order to preserve the temporality of exposure preceding the outcome, we fit all models again with baseline oxidant stress measures as the exposures and the same outcomes over time, but starting at the second visit. Third, we stratified all analyses by eGFR levels at baseline and again by median UPCR levels at baseline. Separate models were run among those with eGFR levels ≥45 ml/min/1.73 m 2 (CKD Stage 3a and higher) and <45 ml/min/1.73 m 2 (CKD stage G3b and lower) 39 in order to assess whether urinary excretion of oxidant stress markers could be altered among those with substantially depressed kidney function (i.e., eGFR levels < 45 ml/ min/1.73 m 2 at baseline), thus affecting the observed associations. In addition, separate models were run among those with UPCR ≥ 0.30 mg/dL (i.e., the median) and among those with UPCR < 0.30 mg/dL: mg/dL. Finally, because the CKiD study followed children until the initiation of renal replacement therapy or ESRD, drop-out was, by definition, informative. In order to assess whether this affected results, we created a balanced dataset, in which each individual contributed just the first three observations. We then re-ran all models using this dataset.
All analyses were performed using SAS Version 9.4 (Cary, NC). Associations were evaluated by statistical significance at α = 0.05.
Results
The study population consisted of 618 children contributing 2,464 observations (mean = 4.0 visits per child over time, standard deviation (SD) = 1.6) over a mean of 2.9 years (SD = 1.6). The majority of children (79.9%) had at least three visits over time. Most were male (63.8%), White (58.3%), and had non-glomerular CKD (89.2%) ( Table 1 ). The mean age at the start of follow-up was 10.8 years (SD = 4.4). At the initial study visit, most children had moderate CKD. The average eGFR was 51.9 ml/min/1.73 m 2 (SD = 20.0), and only 14.2% had eGFR less than 30 ml/min/1.73 m 2 . Similarly, the median UPCR was 0.30 (25 th percentile = 0.11, 75 th percentile = 0.82) and only 10.1% had nephrotic-range proteinuria (defined by UPCR greater than 2.0). SBP and DBP were above average at the initial visit but gradually decreased over the course of the study ( Table 2) .
Urinary concentrations of oxidant stress were associated with selected study participant characteristics. For example, the predicted mean 8-OHdG concentration among Black children was 43.7 ng/mg Cr compared with 63.8 ng/mg Cr among White children (Table 1) . Older children (≥13 years) had lower concentrations of both 8-OHdG and F2-isoprostane compared with younger children (≤8 years). Although oxidant stress concentrations were not statistically significantly correlated with urinary cotinine concentrations, those with cotinine values reflecting at least passive smoking (≥20 ng/ml) had greater F2-isoprostane concentrations compared with those with lower cotinine concentrations.
Children with glomerular kidney disease had lower 8-OHdG and F2-isoprostane than those with non-glomerular disease. In bivariate analyses, eGFR was positively associated with 8-OHdG, such that those with the greatest eGFR values had the greatest urinary concentrations of 8-OHdG. However, the opposite was evident for F2-isoprostane: those with lower eGFR had greater urinary concentrations of F2-isoprostane, although the differences were not statistically significant.
Over the course of follow-up, 8-OHdG concentrations had a slow upward trajectory, particularly after the third study visit (Table 2 ). However, F2-isoprostane concentrations had a spike at the third visit and decreased thereafter. As expected, eGFR gradually decreased and UPCR increased over time. Finally, both SBP and DBP slowly decreased over follow-up.
In adjusted models, baseline 8-OHdG concentrations were positively associated with longitudinal eGFR (Table 3) . A log-unit increase in baseline 8-OHdG concentrations was associated with a 5.68 ml/min/1.73 m 2 increase in eGFR (95% CI: 3.75, 7.61). Similarly, baseline F2-isoprostane concentrations were associated with an increase in eGFR over time (β = 1.73, 95% CI: 0.69, 2.77). These associations did not vary by study visit (Table 4 ). In addition, baseline 8-OHdG was inversely associated with UPCR, such that a log-unit increase in 8-OHdG was associated with a 21.3% decrease in UPCR (95% CI: 9.5%, 30.9%) (calculated from results in Table 3 ). Furthermore, the β-coefficient for the association between baseline F2-isoprostane and UPCR was in the same direction but with a wide confidence interval due to smaller sample size and was not statistically significant (β = −0.05, 95% CI: −0.13, 0.02). There was no association between baseline 8-OHdG or F2-isoprostane and either SBP or DBP, and these associations did not vary by study visit (Table 4 ).
www.nature.com/scientificreports www.nature.com/scientificreports/ The association between longitudinal 8-OHdG concentrations and longitudinal eGFR was also positive, but smaller in magnitude than that with baseline levels ( Table 5) . A log-unit increase in 8-OHdG was associated with a 0.81 ml/min/1.73 m 2 increase in eGFR (95% Confidence Interval (CI): 0.22, 1.39). When allowed to vary over time, this association increased over time and was strongest at the fourth, fifth, and sixth visits compared with the first three (Table 6 ). However, there was no association with longitudinal F2-isoprostane and eGFR over time, or www.nature.com/scientificreports www.nature.com/scientificreports/ between either measure of oxidant stress and UPCR or blood pressure over time ( Table 5 ). These associations did not vary by study visit (Table 6 ).
Urinary concentrations of both 8-OHdG and F2-isoprostane were associated with a longer time to RRT or a reduced hazard of RRT (Table 7) . A log-unit increase in 8-OHdG was associated with a decreased hazard of RRT, which was stronger when modeled over time (0.68, 95% CI: 0.49, 0.96) than at baseline (HR = 0.87, 95% CI: 0.72, 1.07). The same pattern was observed for F2-isoprostane, but the estimate for time-varying F2-isoprostane had poor precision (HR = 0.66, 95% CI: 0.31, 1.41).
Sensitivity analyses yielded largely consistent results with the primary analyses. First, controlling for eCER instead of urinary creatinine in all models produced almost identical results (data not shown). Second, models with baseline measures of oxidant stress in relation to longitudinal outcomes starting at the second visit were very similar to the results from models with baseline oxidant stress and all outcomes over time, as shown in Table 5 . Third, when models were stratified by eGFR category and median UPCR, the directions of the associations persisted compared with the results from the original models, but the magnitude and statistical significance attenuated for some (Supplemental Tables 1 and 2 ). For example, in models for the association between baseline 8-OHdG and longitudinal eGFR, the measure of association for a log-unit increase in 8-OHdG was an order of magnitude smaller among those with eGFR <45 ml/min/1.73 m 2 (β = 0.84, 95% CI: −0.76, 2.43) than among those with eGFR ≥45 ml/min/1.73 m 2 (β = 4.88, 95% CI: 2.79, 6.97). A similar pattern was noted across models for the association between longitudinal 8-OHdG and longitudinal eGFR, with the result among those with eGFR <45 ml/min/1.73 m 2 (β = 0.56, 95% CI: −0.16, 1.28) being slightly less than that among those with eGFR ≥45 ml/ min/1.73 m 2 (β = 0.85, 95% CI: 0.05, 1.65). Patterns were consistent across UPCR strata (Supplemental Table 2 ). Finally, restricting the study sample to a balanced dataset (i.e., three visits per participant) produced similar results as well (data not shown). Table 3 . β-coefficients and 95% confidence intervals from regression models for associations of ln-transformed baseline urinary 8-OHdG and F2-isoprostane concentrations with longitudinal kidney function outcomes and blood pressure. Abbreviations: 8-OHdG: 8-OH deoxyguanosine; CI: Confidence Interval; eGFR: estimated glomerular filtration rate; UPCR: urinary protein to creatinine ratio; SBP: systolic blood pressure; DBP: diastolic blood pressure. a Models control for visit, urinary creatinine, sex, race/ethnicity, age, glomerular disease type, cotinine, BMI Z-score, and SBP and DBP Z-scores. b UPCR is ln-transformed and thus β-coefficients should be interpreted as follows: a log-unit increase in a given oxidant stress measure is associated with a multiplicative change in UPCR of e β . c Models control for visit, urinary creatinine, sex, race/ethnicity, age, glomerular disease type, cotinine, BMI Z-score, and antihypertensive medications.
Discussion
In this cohort of children with CKD, two measures of oxidant stress, 8-OHdG and F2-isoprostane, were evaluated in serial urine samples collected over time throughout the course of kidney function decline. To our knowledge, this is the first prospective observational cohort study to evaluate the association between oxidant stress and measures of kidney function over time in a CKD population and, specifically, among children. We found a positive association between 8-OHdG, considered both as a baseline measure and longitudinally as repeated measures, and eGFR over time. The association was an order of magnitude greater when baseline concentrations were related to eGFR over time. Baseline F2-isoprostane was also associated with greater eGFR over time. In addition, baseline, but not longitudinal 8-OHdG was associated with lower UPCR over time.
Finally, 8-OHdG and F2-isoprostane were associated with a reduced hazard of RRT. These results were robust to alternative methods of controlling for urinary creatinine, modeling baseline oxidant stress in relation to later outcomes over time, and limiting the dataset so that all participants had an equal number of observations over time. Several studies have documented increased levels of oxidant stress among CKD patients compared with healthy controls 13, 14, 40 , and associations between oxidant stress and advanced stages of CKD and reduced eGFR 14, 15 . These four studies assessed oxidant stress using a variety of indicator molecules in the plasma while our study relied on assays of urinary excretion of 8-OHdG and F 2 -isoprostane. One of the only longitudinal studies compared measures of oxidant stress among those with kidney failure before and after transplantation and found that levels of F 2 -isprostane were significantly reduced one week after transplant to the levels of healthy subjects, which persisted up to two months after transplant 41 . In contrast, we found positive associations between urinary oxidant stress biomarkers and kidney function, which was unexpected. Specifically, we found that greater urinary concentrations of oxidant stress biomarkers at baseline were related to higher eGFRs,reduced UPCR over time, and a reduced hazard of RRT; and taken together, a better renal function profile.
There were several key differences between previous studies and ours. First, our study was conducted among children, the majority of whom had non-glomerular disease, in whom this relationship has seldom been examined. Second, as mentioned above, we measured urinary oxidant stress biomarkers whereas other studies used plasma as their matrix. This is important because kidney function directly impacts the ability to filter and excrete solutes such as the oxidant stress biomarkers 29 . Therefore, it is possible that those with diminished kidney function were the least able to filter the biomarkers at the glomerular level and/or secrete oxidant stress analytes into the urine. These disturbances would result in low urinary concentrations. This is referred to in the epidemiologic literature as reverse causation, in that kidney function may affect the exposure measures of interest 42, 43 . Pharmacokinetic differences between people, such as in their ability to filter and excrete oxidant stress measures or other compounds such as environmental toxicants, can affect the exposure assessment; in this case, concentrations in urine 44, 45 . Furthermore, the possibility of 'reverse causation' could be amplified in a cross-sectional study where oxidant stress and eGFR were assessed at the same time. This is consistent with our observation that the associations were stronger when we considered baseline oxidant stress in relation to longitudinal outcomes compared with the analysis of longitudinal oxidant stress measures with longitudinal outcomes. Cross-sectional studies that have measured urinary F 2 -isoprostanes have reported positive associations with eGFR [46] [47] [48] , and one also found a negative association with albuminuria. Our results provide evidence of this same phenomenon even in a longitudinal setting, and is supported by our consistent observation that urinary oxidant stress biomarkers were associated with a reduced hazard of RRT. Another recent longitudinal study found no association between baseline oxidant stress markers and GFR, but a significant association with increased albuminuria 49 . None of these reports documented a lower GFR in association with graded increases in excretion of oxidant stress biomarkers.
In an effort to better understand the possibility of this 'reverse causation' , we stratified models by eGFR category as well as median UPCR. We hypothesized that if reduced excretion of urinary biomarkers of oxidant stress was due to poor kidney function (i.e., low eGFR), the positive association between oxidant stress biomarkers and eGFR would be attenuated or even disappear in results from stratified models in which comparisons were being made among individuals with more similar kidney function. In these sensitivity analyses, we found that 8-OHdG was still positively associated with eGFR, but with a smaller magnitude among those with eGFR <45 ml/ min/1.73 m 2 , and no longer statistically significant. However, the associations remained essentially unchanged among those with eGFR ≥45 ml/min/1.73 m 2 . These results are consistent with our hypothesis that kidney function influences urinary excretion of oxidant stress biomarkers (i.e., reverse causation). The persistent positive association for those with eGFR ≥45 ml/min/1.73 m 2 , is likely due to the substantial degree of variation in kidney function and excretory capability in this group despite the stratification.
This study benefited from several strengths. The CKiD study has a large biorepository from a unique population of children with CKD followed over time. This allowed us to test the hypothesis with a longitudinal design, which has seldom been done. Second, due to the large number of samples on each study participant, we were able to conduct several types of analysis. We examined longitudinal oxidant stress in relation to longitudinal kidney function and blood pressure over time; as well as baseline levels of oxidant stress in relation to these same longitudinal outcomes. This enabled us to better understand the dynamics of this complex relationship.
However, this study had several limitations. First, although measuring urinary biomarkers of oxidant stress among a CKD population is problematic, it has been suggested that urine is a superior matrix for measuring F2-isoprostane compared with plasma 50 . In addition, although the samples were stored for variable periods of time, urine specimens kept at −80 °C for over a decade have been utilized in previous studies of oxidant stress in CKD 46, 47, 49 . Further, it is important to note that there are no data about protein binding and tubular handling of 8-OHdG or F 2 -isoprostane. This limits our ability to attribute the changes in oxidant stress biomarker excretion to specific aspects of kidney function. Measuring analytes in serum or plasma among CKD populations may not obviate this complication because blood levels may be elevated due to altered distribution in body compartments and decreased clearance 29 , which would lead to the same problem, but in the opposite direction. Further investigation of this issue is necessary in order to better understand if this phenomenon may be underlying the previous observations that blood levels of oxidant stress are inversely related to eGFR 14, 15 . Another limitation was that this study consisted of prevalent CKD patients at different stages, which may obscure the ability to infer the directionality of the relationship between oxidant stress and kidney function. Although it is acknowledged that CKD stimulates oxidant stress through mechanisms such as tubular production of oxygenated free radicals which also influences disease progression 11 , the directionality of this relationship has been difficult to determine due to the cross-sectional design in prior studies 11 . In addition, we were unable to distinguish between oxidant stress produced as part of the kidney injury process versus exposure to exogenous chemicals and drugs. Our findings do not directly address the question of the contribution of oxidant stress in promoting CKD progression. They do raise questions regarding the assessment of this injury process based on urinary excretion of oxidant stress biomarkers.
conclusions
In this longitudinal investigation of oxidant stress measures in relation to kidney function over time among children with CKD, we observed that urinary excretion of oxidant stress biomarkers was associated with increased eGFR, decreased proteinuria, and a reduced risk of RRT, an improved renal function profile overall. No associations were observed with blood pressure. Although increased oxidant stress contributes to progressive Table 5 . β-coefficients and 95% confidence intervals from regression models for associations of ln-transformed longitudinal urinary 8-OHdG and F2-isoprostane concentrations with longitudinal kidney function outcomes and blood pressure. Abbreviations: 8-OHdG: 8-OH deoxyguanosine; CI: Confidence Interval; eGFR: estimated glomerular filtration rate; UPCR: urinary protein to creatinine ratio; SBP: systolic blood pressure; DBP: diastolic blood pressure. a Models control for visit, urinary creatinine, sex, race/ethnicity, age, glomerular disease type, cotinine, BMI Z-score, and SBP and DBP Z-scores. b UPCR is ln-transformed and thus β-coefficients should be interpreted as follows: a log-unit increase in a given oxidant stress measure is associated with a multiplicative change in UPCR of e β . c Models control for visit, urinary creatinine, sex, race/ethnicity, age, glomerular disease type, cotinine, BMI Z-score, and antihypertensive medications. 
